A bullet is one of the most important items of physical evidence in a criminal investigation.
In forensic science laboratories, the rifling striation marks on the surface of a questioned bullet are compared with those of a bullet testfired from a suspected firearm under comparison microscope for firearm identification.)-3 However, microscopic examination cannot be applied to a small fragment of a bullet, to an extremely damaged one or to lead shotgun pellets, because no distinctive markings can be clearly observed on the surface.
These samples recovered from a crime scene must be examined by means of elemental analysis and compared with controlled ones in the possession of a suspect in order to determine whether they are of common origin or not. [4] [5] [6] [7] [8] A lead shotgun pellet consists of 95 -99% Pb and 1-5% Sb, which is added to make each pellet harder. The proportion of these batch components is strictly controlled during the manufacturing process.
On the other hand, contents of trace impurities such as Cu, As and Ag, which are not intentionally mixed, show remarkable variation among pellets from different origins.
Therefore, chemical analysis of trace impurities in lead shotgun pellets makes it possible to discriminate pellets from different lots, even if they have been produced by the same manufacturer, and provides valuable information for criminal investigation. 4 The determination of trace elements in lead and lead alloys has been carried out by NAA5-8, AAS4,9,10, spark source mass spectrometry11 and ICP-AES.12,13 In the present study, the application of ICP-MS to the analysis of trace impurities in lead shotgun pellets has been performed.
A large amount of matrix lead in sample solution is removed by precipitation as lead sulfate to reduce matrix interferences, and Y is employed as internal standard to correct drifts in sensitivity.
This method is applied to NIST C2416 (bullet lead) and lead shotgun pellets to evaluate the accuracy and precision of this method and thus the potential for the discrimination of pellets in forensic science investigations.
Experimental

Apparatus
The ICP-MS instrument used for this work was a Seiko Model SPQ-8000 (Seiko Instruments Inc.). The operating conditions are given in Table 1 . These operating conditions and ion lens settings were tuned so as to obtain a maximum response for both 59Co and 208Pb on 1 ng/ ml solution, because the highest possible sensitivity was required in the atomic mass range from 63 (63Cu) to 209 (209Bi). Sampling cone and skimmer cone made of platinum were equipped instead of copper one, so that the background signal for Cu should be minimized.
Reagents
Standard stock solution for each element was made at 10 µg/ml by the 100 folds dilution of 1000 µg/ml commercial standard solution for AAS (Wako Pure Chemical Industries Ltd.). Multi-element standard solution for calibration was prepared by mixing the stock Table  1 Operating conditions for ICP-MS solutions described above and diluted to appropriate volume. These standard solutions were prepared to have the same final acid concentration as that of the sample solution. A portion of 10 µg/ml Y solution was added so that the final Y concentration would be 50 ng/ ml. Nitric acid of ultrapure grade (Kanto Chemical Co., Inc.) and sulfuric acid for determination of poisonous metals (Wako Pure Chemical Industries, Ltd.) were used. Deionized distilled water with conductivity lower than 10 µS/cm was used for the preparation of all the solutions.
Samples and analytical procedure NIST Standard Reference Material C2416 (bullet lead) was used to evaluate the accuracy and precision of the analytical method applied in this study. Lead shotgun pellets of 9 different lots made by 5 manufacturers were collected. Trace impurities in these samples were determined as follows. Small slices were cut off with a steel blade. About 10 mg of slices was weighed accurately and decomposed with 2 ml of nitric acid (1+1) in a Teflon beaker by heating at 100° C for 30 min, followed by the dilution to 10 ml. Subsequently, 4 ml of this solution was transferred into a centrifuge tube and 1 ml of sulfuric acid (1+4) was added; then all contents were mixed thoroughly. After the mixture stood for 1 h, lead sulfate precipitate was removed by centrifuging at 3000 rpm for 10 min. To 1 ml of the supernatant, 100 µl of 10 µg/ml Y solution was added and diluted to 20 ml. Concentrations of Cu, As, Ag, Sn and Bi in this solution were measured by ICP-MS. Selection of elements In order to select elements which could be useful for discrimination of lead shotgun pellets from different origins, the sample solution prepared as above was directly subjected to ICP-MS analysis without separation of lead. Subsequently, mass spectrum in the atomic mass range from 60 to 220 was measured under the conditions given in Table 1 . Spectra of solution containing sample 1, 7 and reagent only are shown in Fig. 1 . As the result, As, Cu, Ag, Sn, Sb and Bi were found in the lead shotgun pellets, and these elements except Sb were determined in further examinations. Although the comparison of Sb is also useful to some extent, Sb was excluded from the analyte in the present study, since Sb in lead shot could be easily determined by another instrument because of its high content. The determination of Sb with ICP-MS would require many folds dilution of the sample solution, which would be a very complicated and time-consuming operation.
Effect of matrix element on sensitivity
In the determination of trace elements by ICP-MS, it was reported that significant decrease in sensitivity could be caused by the direct introduction of sample solution containing high concentration of matrix element. In the present study, therefore, the effect of matrix lead on the sensitivity of trace elements was investigated. A solution containing 20 ng/ml of each trace element and a given concentration of lead, 10 ng/ ml to 100 µg/ ml, was prepared and subjected to ICP-MS analysis. The ion intensity of each element measured is shown in Fig. 2 . As seen in Fig. 2 , significant decrease in ion intensity was observed for all the elements when the lead concentration exceeded 10 µg/ml. The lead in sample solution should be removed so that the lead concentration becomes less than 10 sg/ml.
Removal of lead
Techniques such as ion-exchange14-17, solvent extraction18"9 and coprecipitation20 have been investigated to separate matrix elements from trace elements; an internal standard method was also reported to correct matrix effects.21-2s In the present study, separation of lead as sulfate precipitate and use of an internal standard element were examined. The amount of sulfuric acid added must be minimized to avoid the interference caused by excessive amounts of acid26 or by molecular ion peaks.16,2° The minimum amount of sulfuric acid necessary for the precipitation of lead sulfate was examined. After 5 ml of solution containing 1000 µg/ ml of Pb was placed in a centrifuge tube, a given volume (1 ml to 5 ml) of sulfuric acid (1+4) was added to it and diluted to 10 ml. After the mixture was kept standing for 1 h, precipitate was removed by centrifuging at 3000 rpm for 10 min. Lead in the supernatant was determined by flame AAS. The operating conditions for AAS are as follows: wavelength, 217.0 nm; lamp current, 5 mA; slit width, 1.0 nm; acetylene gas flow rate, 13.51/min; air flow rate, 2.01/min. The results are shown in Fig. 3 . The concentration of sulfuric acid was required to be higher than 4% by volume in order to remove matrix lead. Even after the removal of lead by acid precipitation method, 10 µg/ ml of lead remains in the supernatant. In this study, Y was used as an internal standard to correct the decrease of sensitivity caused by lead remaining after precipitation.
Analytical results of standard sample and lead shotgun pellets The present method was applied to NIST SRM (C2416). The results are given in Table 2 . Analytical results of Cu, As, Ag, Sn and Bi obtained by this method show good agreement with certified values, indicating that the removal of matrix lead and the use of internal standard make it possible to determine the trace elements in lead shotgun pellets with sufficient accuracy, precision and sensitivity. Analytical results of lead shotgun pellet obtained by this method are given in Table 3 . Comparison of analytical values is useful to the discrimination of pellets of different origin, since pellets from different manufacturing lots show different analytical values of these elements even though they have been made by the same manufacturer.
In conclusion, determination of trace impurities such Table 3 Analytical results of trace impurities in lead shotgun pellets (µg/g, -: not detected)
